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ABSTRACT 

We present optical spectroscopy of EX Hya during its 1991 outburst. This outburst is char- 
acterised by strong irradiation of the front face of the secondary star by the white dwarf, an 
overflowing stream which is seen strongly in Hell A4686 and by a dip in the light curves, 
which extends from 0.1-0.6 in the binary and spin phases. Strong irradiation of the accretion 
curtain and that of the inner regions of the disc led to strong emission of Hell A.4686 and to 
the suppression of the Hy and Hp emission. 

Disc overflow was observed in quiescence in earlier studies, where the overflow stream 
material was modulated at high velocities close to 1000 km s . In outburst, the overflowing 
material is modulated at even higher velocities (~ 1500 km s ). These are streaming ve- 
locities down the field lines close to the white dwarf. Evidence for material collecting near 
the outer edge of the disc and corotating with the accretion curtain was observed. In decline, 
this material and the accretion curtain obscured almost all the emission near binary phase 0.4, 
causing a dip. The dip minimum nearly corresponds with spin pulse minimum. This has pro- 
vided additional evidence for an extended accretion curtain, and for the corotation of material 
with the accretion curtain at the outer edge of the disc. From these observations we suggest 
that a mechanism similar to that of Spruit & Taam, where outbursts result due to the storage 
and release of matter outside the magnetosphere, triggers the outbursts of EX Hya. This is 
followed by the irradiation of the secondary star due to accretion induced radiation. 

Key words: accretion discs, outburst, binary - stars: cataclysmic variables. 



1 INTRODUCTION 

EX Hya is an eclipsing binary system and an Intermediate Polar 
(IP), a sub-class of magnetic Cataclysmic Variable Stars (mCVs) 
where a white dwarf star accretes material from a late-type main 
sequence star, or the secondary, as the two stars orbit about their 
common centre of mass under the influence of their mutual gravi- 
tation. 

EX Hya has a spin period (~67.03 minutes) which i s 
about 2/3 it s orbit al period (98.26 minutes llvlumford I dl967l) ; 
Helli er et al. and has its accretion curtains extending to 

the outer edge of the accretion disc ( hereafter the accretion ring or 
the ring) near the Roche lobe rad ius (King & Wynn 1999; Wynn 
200d; iNorton et al. 1120041; iBelle et al. 1120021 120051 ; iMhlahlo et all 
2007b . Recentlv. lMhlahlo et aLld2007l) showed that near the Roche 
lobe radius the accretion curtains corotate with part of the accretion 
ring and a combination of stream and ring accretion (ring overflow) 
was explained well by the observations. 

EX Hya is one of the few IPs that undergo brief outbursts, 
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nearly once every 1.5 years dHellier et al. 1 12000). Previous spec- 
tral studies of EX Hya in outburst have been characterised mainly 
by two events: the development of a broad-base component of the 
emission lines on the night of outb urst, possibly modulated at the 
orbital period dHellier et all 1 19891) . and the significa nt decrease, 
or even absence, of the m odulation at the spin pulse dBond et al. I 
ll987l : lHellieretal.lll989l) . 

Studies done bv lHellieretaiT1dl989h during the 1987 outburst 
of EX Hya revealed a broad base component (the 'base excur- 
sion') that appeared to be modulated at the orbital period. The 'base 
excursion' was phased with maximum blueshift at orbital phase 
<j>98 ~ 0.4 and was interpreted as being caused by the stream of ma- 
terial overflowing the initial impact with the disc and free-falling 
onto the magnetosphere of the white dwarf. These results were con- 
firmed during an outburst of EX Hya in 2000 where an X-ray beat 
pulse was discovered and eclips e of the overflow s tream material 
by the secondary was observed (Hell ier et al. Il200(il) . 

During the 1991 outburst a dip feature was observed in the 
light curves in decline, where almost al l the emission was obscured 
around phase d>g7 ~ 0.4 dBucklevll992h . No interpretation was pro- 
vided for this dip. 
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Table 1. Table of spectroscopic observations during the 1991 outburst. The 
column No. of Hrs denotes the number of hours of observations, Spec, the 
number of spectra obtained and State is either outburst (o), decline (d) or 
quiescence (q). A grating with a resolution of 1200 mm -1 was used and 
covered a wavelength range of 4000-5080 A. 



Date 



HJD (start) 



No. of Hrs Spec. State 



24-04-91 


2448371.3884097 


3.28 


90 


q 


25-04-91 


2448372.3603850 


2.93 


72 


q 


27-04-91 


2448374.2808828 


5.45 


160 





28-04-91 


2448375.2925521 


5.49 


150 


d 


29-04-91 


2448376.2402973 


7.00 


100 


q 



1 



o 12 



1 4 



y y 



y y 



25 30 
JD - 2448348. 



Figure 1. Visual light curves of EX Hya before, during and after the 1991 
outburst. The data were supplied by the VSS RASNZ. The arrows show the 
times of our observations. 



Five other I Ps that have been rep orted to undergo out- 
bursts are XY Ari dHellierll 1997h. GK Per dSabbadin & Bianchini I 
Il983l: IWatsonetal lll985inMorales-Ruedaetal.lll996l) . TV Col 
Szkodv & Mateo I Il984l: Hellier & Buckley I ll993l)T~V1223 Sqr 



Amerongen & van Paradiis ll989l) andYYDra<ls" zkodv et al. I 

2002). XY Ari, GK Per and YY Dra ar e said to hav e their outbursts 
caused by an instability in the disc jHellier |[l997h while the other 
three IPs, TV Col, VI 223 Sqr and EX Hya seem to pose problems 
for the disc instability model. It has been suggested that the out- 
bursts in these thre e stars are a result of increased mass transfer 
from the secondary dHellier & Buckley 1993; H ellier et al. II 19891 
2000). An alternative is that the enhanced mass transfer could be a 
result of increased irradiation of the secondary, whic h in turn is a 
consequence of a disc instability dHellier et al. Il200oh . 

With these questions in mind, we present the outburst data of 
EX Hya and the analysis in Sections [2] - 16.21 we investigate the 
cause of the dip seen in the light curves in Section|7]and we discuss 
and interprete the results in Section[8] 



2 OBSERVATIONS AND DATA REDUCTION 

In this section we present spectroscopic data obtained in 1991 at the 
South African Astronomical Observatory (SAAO) when EX Hya 
was in outburst. 

This occured on 27/28 April 1991 and was observed using the 
SAAO 1.9-m telescope with the Reticon photon c ounting system 
(RPCS ) detector on the Cassegrain spectrograph bv lBucklev et al. I 
( 1991). A wavelength range of 4000 - 5080 A was covered at a 
spectral resolution of AA- ~1.2 A and at a time resolution of 100 
- 120 s. The spectrograph slit width was 250 /jm (~1.5 arcsecs). 
Wavelength calibration exposures were taken using a CuAr arc 
lamp. Five nights of observations (24, 25, 27, 28 and 29 April 
1991) were covered and in total 572 spectra were obtained. The 
observing log is given in Table Q] showing the starting times of the 
observations, the data length and the number of spectra obtained 
on each night ( the da ta of 24, 25 and 29/04/91 were presented in 
Mhla hkTet al. 1 12007)). Following the wavelength-calibration and 
sky-subtraction, the data were flux calibrated using the spectra of 
the standard star LTT3864. 

Preliminary analysis of the data w as d one and initial results 
were published bv lBucklev et~aT1 dl99lh and lBucklevI dl992h . The 
data were archived and have been retrieved for a more detailed anal- 
ysis, presented here. 



3 THE VISUAL LIGHT CURVES 

The 1991 outburst of EX Hya started on 27/28 April, with the sys- 
tem rising from V ~13 mag to V ~ 10 mag. The outburst lasted for 
~l-2 days, during which EX Hya increased in brightness by ~3 
magnitudes. Figure Q] shows the visual light curves, with the times 
of our spectroscopic observations represented by arrows; they rep- 
resent an average of start and end times of our observations of each 
night. The visual light curve data were supplied by the Variable Star 
Section of the Royal Astronomical Society of New Zealand (VSS 
RASNZ). 



4 THE EMISSION LINE PROFILES 

Figure [2] shows the summed spectra of EX Hya during rise to out- 
burst, in outburst and during decline to quiescence. The spectra 
have been normalised by the continuum to aid comparison. Promi- 
nent peak s in the spectra are th ose of the H(3 and Hy. As was re- 
ported bv lBucklev et al. I d 199 ll) . the strengthening of all the emis- 
sion lines is evident during outburst. The Hell A.4686 line, which 
was weak in quiescence, emerges stronger and broad in outburst, 
while the Hel A.4471 shows a strong central absorption component 
on the night following outburst. The HP and Hy emission lines are 
double-peaked and seem to be broader in quiescence than in out- 
burst. 

The line profile widths showed a significant decrease during 
outburst, by ~33% for H(3, ~50% for Hyand ~50% for Hel X4471 
(not shown), when compared to the line widths in quiescence of 
1991; and by ~50% for H|3 and Hy and by ~55% for Hel X4471 
(not shown), when compared with the line widths in quiescence of 
2001 (see Figure[3). An increase in the widths of the emission lines, 
with respect to outburst, by ~20% in Hp and Hy (Figure[3} and by 
~33% in Hel A.4471 (not shown), was observed during decline. We 
find a full width at half maximum (FWHM) of ~ 38 A for both HP 
and Hy in quiescence and ~20 A for both emission lines in outburst. 
The Full Width at Zero Intensity (FWZI) was found to be ~ 3000 
km s for Hp and ~ 3400 km s for Hy in outburst, compared 
to that of ~ 7000 km s (~ 180 A) in quiescence, for both the 
Hp and Hy emission lines (see also lHellier etaTl d 19871 [l989T) for 
similar results). The emission line components are identified in the 
trailed spectra in Section RTTI 



5 THE ORBITAL RADIAL VELOCITIES 

The radial velocities in outburst of 1991 were obtained using 
the Gaussian Convolution Scheme (e.g. Shafter & Szkody 1984; 



Outbursts of EX Hydrae Revisited 3 



HellA4686 24/4/9 



-nee 41 



25/4/91 
Quiescence ^ 



27/4/91 I 
Outburst jl I 
j 



28/4/91 Jfl 
Decline to 

Quiescence I j- 




4400 4600 4800 

Wavelength (A) 



Figure 2. The summed spectra of EX Hya in quiescence, in outburst and 
during decline from outburst. The spectra have been normalised by the con- 
tinuum and all panels have the same scale. 
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Figure 3. The Hp and Hy summed spectra in outburst (light line), in decline 
(dark line) and in quiescence (dashed line) are plotted superimposed. All 
the data are normalised by the continuum. 
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Figure 4. The amplitude spectra of the Hp and Hy radial velocities during 
outburst. The broad-base component and the narrow-peak are modulated at 
the orbital period. 
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Figure 5. The amplitude spectra of the Hp and Hy radial velocities during 
decline. The spin pulse emerges during decline. 



5.1 Period Searches in the Line Wings 

Figure [4] shows the amplitude spectra of the H(3 and Hy radial ve- 
locities (Hell X4686 shows similar results). Velocities in the line 
wings are dominated by the 98-min orbital velocity variation. The 
CI modulation, where £2 denotes the orbital frequency of the sys- 
tem, is also present in the line cores of Hp and Hy. 

The spin pulse, which is not detectable during outburst, is 
present in the line wings during decline (Figure |5j- The Hp and 
Hy DFTs do not show any variation in the core in decline and the 
Hel X4471 DFT shows a variation at the second harmonic of the 
orbital frequency (not shown). 



Shafter 1985). The GCS method convolves each spectrum with 
two identical Gaussian, one in the red wing and one in the blue 
wing. The separation between the two Gaussians is 2a (see also 
iMhlahlo et al. I ( I2007h ). The radial velocities were measured from 
the wings and the core of the HP, Hy and Hell X4686 emission 
lines from every individual spectrum, and the data were used to 
determine the periods from D iscrete Fourier Transforms (DFTs); 
jDeeming II 19751 ; iKurtz Ill985h . 



6 ORBITAL VARIATIONS OF THE EMISSION LINES IN 
OUTBURST 

All the radia l velocity data w e re p hase-folded on the orbital 
ephemeris of iHellier & Sprouts ] J 19921) which is defined by the 
zero phase being mid-eclipse. For the radial velocities, maximum 
blueshift occurs at phase 0.75 when viewing is perpendicular to the 
line of centres. 50 phase intervals were used. 
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Figure 6. Hp and Hy trailed spectra in outburst and during decline are shown (top panels). MEM orbital tomograms are shown in the second panels with the 
average-subtracted trailed spectra shown in the third panels. The emission line components are identified for Hp, before and after subtracting the average (the 
Hy line shows similar components). All the data are plotted on the same velocity scale. The reconstruction is shown in the bottom. The velocity units along 
the x-axis are 10 3 km s _1 . 



6.1 Doppler Tomograms and Trailed Spectra 



The Maximum Entropy Method (MEM) JSpruitll998h was used to 
construct the orbital Doppler tomograms, using the phase binned 
data. For each spectrum an average was taken and subtracted from 
the spectrum to emphasize the bright spot and secondary star emis- 
sion. The H(3, Hy, Hel X4471 and Hell X4686 tomograms and 
trailed spectra are shown in Figures [6] and [7] and the average- 



subtracted tomograms are shown in Figure [8] in outburst and in 
decline. 

In the trailed spectra, a narrow S-wave component (NSC) can 
be detected in all the emission lines, before and after subtracting the 
average. The NSC shows maximum blueshift near phase ~ 0.75 
as expected from the motion of the secondary, and an amplitude ve- 
locity of ~ 400 km s _1 (obtained from fitting a gaussian to the 
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Figure 7. Hel ^.4471 trailed spectra in outburst and during decline, and Hell ^.4686 trailed spectra in outburst are displayed. Orbital tomograms are shown in 
the second panels. The third panels show the trailed spectra after average-subtraction and the bottom panels show the reconstruction. The data were folded on 
the orbital period. The NSC and the 'arc emission' (AE) in Hel X4471 are shown. In Hell A4686, the dashed line shows the orbital motion of the NSC, and the 
VHVC is identified in the line wings. 



6 N. Mhlahlo, D.A.H. Buckley, V. Dhillon, S. Potter, B. Warner and P. Woudt 



Hp 



2JW04MI 



21mm 



% 1000 

I 

> - LOGO 







-1000 00 1000 -500 0.0 500 -1 000 00 1000 -500 500 



HclX44?l 2JjJ04/9 1 




Hd 1X46 86 27tfU#l 





-500 0.0 500 
Vcfoctly (kirn's) 



-5011 0.0 500 



-looo ojo um 



Figure 8. Hp and Hy average subtracted orbital tomograms in outburst (first and third top panels) and during decline (second and fourth top panels) are 
displayed. The tomograms in decline are expanded since the emission observed at high velocities in outburst (near V v ~ 1500 km s~') has moved to lower 
velocities (near V v ~ 800 km s~') in decline. Hel X4471 and Hell A4686 tomograms are shown in the bottom panels. 



Hp NSC between phases 0.5-1.0). The latter is slightly greater 
than but close to the K-velocity amplitude of the secondary of 
K 2 = 360 ± 35 kms' 1 jBelle et al. Il200i IVande Putte et al. 112003k 
iBeuermann et al. 1120031) . These observations suggest that the NSC 
originated from the secondary. The NSC did not originate from 
the bright spot since it shows a blueshift during binary phases 
<f>98 ~ 0.61 —0.85 whereas the NSC resulting from the bright spot is 
expected to show zero radial velocity em ission around these phases 
jBelle et al. l2005l ; lMhlahlo et al. 120071) . The NSC emission moves 
(from the Roche lobe in outburst) to near the bright spot velocities 
(slightly between the bright spot and the Roche lobe) in decline. 

A broad-base component (see lHellier et al. I dl989h ) or a very 
high velocity component (hereafter the VHVC since its velocity 
amplitude is higher than tha t of the high velocity comp onent (HVC) 
seen i n quiescence - see Mhla hlo et al. I d2007l) and iRosen et al. I 
dl987l) - and in decline) can be observed in the trailed spectra in 
outburst. The VHVC is modulated with a v elocity of ±1500 km 
s and is much enhanced in Hell X46S6. In Hellier etal.Ul989h . 
it was not certain if this component (which they observed in Ha) 
varied with the 98-min cycle of the binary since their data covered 
only 1.2 orbital cycles. Our 1991 outburst data covered 3.3 orbital 
cycles and are, at least, sufficient to conclude that the motion of this 
component is consistent with the 98-min orbital period. 

The NSC and the VHVC are superimposed at phases ((193 ~ 
0.1 - 0.4 and <f»g 8 ~ 0.6 - 0.9 for Hp, Hy and Hel A4471, and at 
phases ty 9 s ~ 0.25 - 0.5 and <t> 9 g ~ 0.6 - 0.85 for the Hell A4686 
emission li ne (Figures [6] and |7j. A similar effect was observed in 
quiescence (Mhlahlo et al. 2007) near phase §9% ~ 0.25. 



Outburst tomograms show strong emission at and around the 
Roche lobe (seen more clearly in Figure[8} for all the emission lines 
(except for Hel A4471 where strong emission is seen near V xy = 
than at the Roche lobe), most especially in Hell X4686, further 
suggesting that the NSC was mainly caused by the secondary star. 

The tomograms (more especially Hell A4686) suggest that the 
emission which lies on the 'far' side (nearly on the opposite side 
of the disc, relative to the front face of the secondary), behind the 
white dwarf, observed at high velocities (~ 1500 km s _1 ), was re- 
sponsible for the VHVC (Figure[8j. This emission moves to lower 
velocities (~ 800 — 900 km s ) in decline and can be associated 
with the HVC seen in the trailed spectra around 900 km s . This 
HVC i s reminiscent of that observed in the tomograms in quies- 
cence (Mhl ahlo et all2007h on the bottom left quadrant and near 
the opposite side of the disc, at velocities near 800 - 900 km s , 
which originated from the overflow stream. 

The Hp and Hy NSC is less bright at phases fog ~ 0.6 - 0.9 
and this could be the effect of Vertically Extended Material (VEM) 
which was observed in quiescence obscuring emission around these 
phases. There was no simultaneous photometry obtained, though, 
and so observed changes in brightness of the NSC and other com- 
ponents are not secure. 

It is important to note that during outburst the relative amount 
of the accretion ring line emission increased and that most of the 
emission came from the outer edge of the ring. This is, however, 
not the case in the Hell X4686 emission line which, interestingly, 
shows stronger disc emission even at high velocities than the other 
emission lines (Figure[7]l. This emission is clearly observed on the 
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Figure 9. The H(3, Hy and Hell A4686 radial velocities plotted as a function 
of the orbital phase. The VHVC (dots) is nearly antiphased to the narrow- 
peak component (crosses). The solid line represents a fit to the data. 



'far' side (relative to the Roche lobe), behind the white dwarf, after 
subtracting the average which is supposed to remove most of the 
symmetric emission originating mainly from the disc. 

Interestingly, the Hel A.4471 tomogram in outburst (Figure [7} 
shows an enhancement of emission curving away from the sec- 
ondary along the outer edge of the disc, from fog = (12 o'clock 
position) to 0.5 (near the 6 o'clock position), in the clockwise 
direction (hereafter the 'arc emission' or AE). Between phases 
fog = 0.0 — 0.6, the Hel A.447 1 trailed spectrum (before subtracting 
the average) shows strong redshifted emission, resulting from the 
superposition of the NSC and the 'arc emission'. At these phases 
almost all the blueshifted emission is absorbed. Between phases 
fog — 0.6 — 0.9, the NSC is blueshifted while the 'arc emission' is 
still redshifted. This suggests that the material responsible for the 
'arc emission' is drifting away from the observer in the radial di- 
rection at all orbital phases. During decline, the central absorption 
feature in Hel A.447 1 becomes stronger, and the tomogram nolonger 
shows enhanced emission at the outer edge of the disc. 



6.2 The Radial Velocity Curve 

The radial velocity data were fitted on the orbital frequency using a 
fitting function of the form, 



V(t) = y+Kcos(2it*Q.*t - 



(1) 



where t are the times in Heliocentric Julian Days (HJDs). Figure [9] 
shows a comparison between the Hp, Hy and Hell X4686 NSC 
and the VHVC. The top panel shows the H)3 VHVC having maxi- 
mum redshift at fog ~ 0.79 and maximum blueshift at fog ~ 0.29 
while the NSC is phased with maximum blueshift at fog ~ 0.74 
and lags the VHVC by fog ~ 0.45 (~ 162°). The Hy radial velocity 
curve (middle panel) shows the VHVC having maximum redshift 
at fog ~ 0.81 and maximum blueshift at fog ~ 0.31. The NSC is 
phased with maximum blueshift at fog ~ 0.7 and lags the VHVC 
by cj) 98 ~ 0.39 (~ 140°). 
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Figure 10. A normalised light curve of the Hel ^.447 1 emission line show- 
ing a variation at the spin cycle, and the dip. The solid line represents a fit 
to the data. 




Frequency (,«Hz) 
Figure 11. Hel ^.4471 DFT showing a dominant peak at the spin frequency. 



The a = 700 km s curve has an interesting shape as it shows 
very negative velocities (~ —350 km s ) around fog ~ 0.7, indi- 
cating that there is streaming material from the accretion stream 
joining the disc at the bright spot. It is curious that H)3 does not 
show a similar effect. The Hell A4686 radial velocity curve (bot- 
tom panel) shows the VHVC having maximum redshift at fog ~ 
0.74 and maximum blueshift at fog ~ 0.24, and the NSC phased 
with maximum blueshift at fog ~ 0.79 and lagging the VHVC by 
fog ~ 0.55 (~ 198°), all in agreement with the behaviour of these 
components in the trailed spectra. 



7 THE 'DIP' 



lBucklevl (l992) reported on an unusual and sudden temporary drop 
in flux of EX Hya in decline, which does not coincide with the 
eclipse time. This is illustrated in Figure [10] for the Hel X4471 
emission li ne (HP, Hy and the continuum -not shown- show sim- 
il ar results). Buckley ( 1992) used the orbital and spin ephemerides 



of lBond & F reeth 



those of 



19881) to phase their observations, and we used 



Hellier & Sprouts 



phase 1 

1 < fl992h 



to phase ours, and our results 



predict similar time for the occurance of the dip. The dip is a real 
event since the observations were conducted under clear, photomet- 
ric conditions, and the dip was proven not to be due to telescope 
drive or guiding errors. 

The dip lasts some 30 minutes (from roughly the time of 
ingress to that of egress). This dip is reminiscent of that observed 
in the previous studies of EX Hya, where binary phased light 
curves show a bulge eclipse which extends over fog ~ 0.6 — 1.0 
l lHurwitz et al. ll997l : lMaiiche l l999l;rBelle et al |2002[) in the EUV 
and around fog ~ 0.7 - 0. 1 Cordova et al. 1 1 19851 ; iRosen et al~l 
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Figure 12. Hel A4471 emission phase folded on the spin cycle. The dip 
shows minimum flux near phase 0.4. The solid line represents a fit to the 
data. 



1988) in the X-rays. The bulge is interpreted as an absorption of 
the EUV emitting region on the white dwarf surface in the EUV 
photometry. In the optical, extended emission at the outer edge o f 
the ring in the Ha tomogram was observed bv lBelle et al. I d2005h . 
while absorption of the zero- velocity c omponent at (j)9g ~ 0.6 — 0.9 
was observed in Ha , H(3 and Hy {Belle et al. 2005);(se e also 
Mhlahlo et a l. ( 2007)). This was interpreted bv lBelle et al. I d2002l 



2005) as an indication of the existence of an extended bulge near 



the outer edge of the ring, from where the extended accretion cur- 
tains pull material directly, thereby producing a broad bulge dip 
in the EUV and the absorption in the optical. The only differ- 
ence is that the phasing of the structure reported here is reversed 
(<>9S ~ 0.1—0.6). 

From our observations we make the following deductions and 
interpretation for the dip. 

(i) The fact that the 'arc emission' seen in the Hel A4471 or- 
bital tomogram in outburst is always redshifted suggests that the 
material responsible for this emission is moving away from the ob- 
server throughout the orbital phase. This also means the responsible 
structure/material is changing locations (i.e. always on the side of 
the observer all around the orbit) rather than being static as in the 
case of the usual bulge that is normally observed near the bright 
spot region as discussed above. 

(ii) The 'arc emission' in outburst extends over spin and binary 
phases <])67,98 ~ 0. 1 — 0.6. This phasing and the physical extent of 
the emission are in agreement with those of the dip eclipse observed 
in decline (Figure [Tot . Therefore to explain the dip, there has to be 
extended emission in the Hel A.4471 tomogram in decline similar 
to that seen in outburst, and the reason we do not observed this 
emission could be that the responsible material/structure has a high 
opacity in decline, just as in the EUV case. 

(iii) In decline the data are strongly modulated at the spin pe- 
riod (Figures QJJ QT] and [12]- see also radial velocity DFTs in Fig- 
ure |5) and the fact that the phase of the dip minimum (0.4) nearly 
corresponds with spin minimum (when the upper accretion curtain 
is pointing at the observer) suggests that the accretion curtain and 
its location is strongly related with the structure that is causing the 
dip. 

(iv) The dip minimum is seen at phase 0.4 in the orbital phase 
as well. At this phase the observer is behind the material causing 
the 'arc emission' . This is a phase where spin minimum is observed 
(at 0.4), i.e. when the upper accretion curtain is on the side of the 
observer (between the observer and the white dwarf). An optically 
thick accretion curtain can obscure white dwarf emission at this 
phase. 

(v) The fact that the flux at spin pulse maximum (just before 



the dip) is less than that in the earlier high points in the light curve, 
and that the dip is deeper than at the earlier low points (spin min- 
ima), suggests that there is extra absorption to that caused by pho- 
toelectric effect up/down and across the accretion curtains (maybe 
combined with that caused by occultation of one of the poles). 

We therefore suggest that the material responsible for the 
'arc emission' in outburst is optically thick in decline and ob- 
scures the accretion curtain and the white dwarf emission (from 
both the continuum and the emission lines). This material is prob- 
ably picked/swept up by the field lines from the bulge or from the 
ring (as the magnetospheric radius increases in decline) and coro- 
tates with the extend ed accretion curtain, as was first observed in 
Mhla hlo et all [2007). The absorption caused by this material com- 
bines with the normal photoelectric absorption, resulting in almost 
all the light from the compact object and the accretion curtains be- 
ing obscured, from phases (jjgg = 0.1 — 0.6. The fact that the dip 
lasts some 30 mins suggests that this material and the accretion 
curtains extend to nearly half the accretion ring. 

Figure [12] shows the data after phase-folding on the spin 
ephemeris of iHellier & Sprouts ] dl992h . Maximum is seen near 
<]) ~ 0.9 — 1 .0, in agreement with the accretion curtain model. 

The drop in maximum intensity nearly half a spin cycle before 
the dip (Figures [TO) could therefore suggest that the optical depth 
of the accretion curtains increased at that moment as the optically 
thick material was being picked up by the magnetic field lines of 
the white dwarf. 

The structure ca using the dip also absorbs zero velocity emis- 
sion. iBucklev 1 d 19921) reported that the Hel A447 1 central absorp- 
tion gets stronger before the dip occurs. This further establishes a 
connection between the dip and the absorption of the zero velocity 
emission in Hel A.4471 during decline. 

The fact that this event is not observed to repeat could suggest 
variations in the optical depth of the bulge associated only with 
outburst or with the decline phase. 



8 DISCUSSION 

In this section we compare disc instabilities with mass transfer 
events and decide, on the basis of our observations, whether out- 
bursts in EX Hya occur via one of the two mechanisms or both or 
any variation on the two. 

According to the generally accepted model, dwarf novae out- 
bursts are caused by an instability in the disc, resulting in the rapid 
accretion of material onto the surface of the white dwarf. This no- 
tion is supported by the argument that the observed flux from the 
bright spot is similar in quiescence and in outburst. The disc insta- 
bility model has had success in describing outbursts in dwarf novae. 
It is thought that the same mechanism may drive outbursts in IPs 
even though their inner discs are truncated as a result of the rela- 
tively strong magnetic field. If outbursts occur via a disc instability, 
then the fact that EX Hya accretes from a ring of material and the 
accretion curtains extend to this ring could sugge st a different insta - 
bility, perhaps similar to that described bv lSpruit & Taam 1 dl993h . 
where outburst cycles result due to storage and release of matter in 
the parts of the disc just outside the magnetosphere. 

Alternative ideas have outbursts caused by a secondary star 
instability or a burst of mass transfer from the secondary. In at 
least two IPs, TV Col and EX Hya, the observations of a dra- 
matic increase in the S-wave flux and of overflow stream (EX Hya) 
in outburst have b een taken as evidence for the occurence of a 
mass transfer burst dHellier et al. Ill 9891 : IHellier & Bucklev1ll993[) . 
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Helli er et al. ] dl989h claimed that the equivalent width of the S- 
wave of the emission line was similar in outburst and in quiescence 
during the time of their observations, and concluded that the flux 
from the S-wave increased during the 1987 outburst. They saw this 
as evidence for an increased mass transfer, but it was not conclu- 
sive. There are 'hybrid models' which seek to combine disc insta- 
bilities with mass transfer events to explain outbursts in SU UMa 
stars and in most low mass X-ray binaries (LMXB), where it is 
thought that enhanc ed mass transfer may generate a disc instability, 
causing an outburst dLasota. Naravan & Yill 996). A similar but re- 
versed m echanism has alread y been suggested as an alternative for 
EX Hya dHellier et al.kOQCh . 

In investigating the feasibility of the mass transfer burst mod- 
els in EX Hya, first we note that our spectroscopy provides ev- 
idence for strong irradiation of the secondary star and the inner 
disc in outburst. All the emission lines have shown strong emis- 
sion from the secondary Roche lobe. The Hell X4686 tomograms, 
on the one hand, have revealed a larger ring of emission (in ve- 
locity) when compared to those of other emission lines in outburst 
(Figure[7](. On the contrary, Hp, Hyand Hel A4471, showed signif- 
icantly and relatively less inner disc emission and much more from 
the core during outburst than in quiescence. Correspondingly, the 
line profile widths have shown a significant decrease in Hp, Hy and 
Hel A.4471 during outburst, by nearly 33%-55% when compared 
to quiescence (Figure[3]l. This suggests irradiation of the inner disc 
which is possible if the ionization flux due to the UV and soft X-ray 
emission from the white dwarf was extremely high, as expected in 
outburst. In this situation, recombination will be relatively reduced 
most of the time, resulting in the decrease of line emission or ab- 
sorption, except for Hell A4686, which is irradiation-driven. Fur- 
thermore, the Hell A.4686 tomogram shows an asymmetry on the 
'far' side, suggesting that most of the disc light comes from this 
side, which is not eclipsed by the secondary (Coel Hellier; private 
communication) . 

Observations in decline show an increase in the widths of the 
emission lines by ~20% (Hp and Hy) (Figure|3j and by ~33% (Hel 
X4471). Correspondingly, strong disc emission seen at low veloci- 
ties in outburst moves to higher velocities during decline, indicat- 
ing that relatively more emission was received during this period. 
In addition, relatively more emission from near the bright spot, and 
relatively less from the secondary, were observed. All this is an in- 
dication that the irradiation of the secondary and that of the disc 
occured in outburst and had stopped or decreased during decline. 

Secondly, we think that the irradiation of the front face of 
the secondary (and evidence for disc overflow - discussed later in 
the Section) is not a strong indication of a secondary instability 
or an increase in mass transfer. The disc instability model predicts 
a constant S-wave which is swamped in outburst, while the mass 
transfer burst model predicts that the bright spot flux will con- 
tribute to outburst. The latter model further requires a mass transfer 
burst which is observationally estimated as ~ 2 x 10 22 g in EX 
Hya (Hellier & Buc kley] [19931) . This implies a mass transfer rate 
of ~ 8 x 10 17 g s _1 (averaged over a period of ~ 6 hrs near the 
peak of outburst) and a bright spot luminosity of roughly 

GM WD M(2) „ , 

L S p,omb " V ; ~ 2x 10 33 erg s" 1 , (2) 

which is higher than the quiescent accretion-induced luminosity of 
the white dwarf of 



■^acc.q 



■ <Xnd 2 f q = 3 x 10 32 erg s 



of 10. Mwd and M(2) are the mass of the white dwarf and the mass 
transfer rate from the secondary, respectively, and R sp is the radius 
of the bright spot. L sp oul i, is higher than the outburst accretion- 
induced luminosity 



\oulb ' 



GMwdM 
2Rwd 



■ 2 x 10 34 erg s" 



(4) 



where M ~ 5 x 10 17 g s 'is the mass accretion rate (averaged near 
the peak o f outburst, with the mass involved in outburst taken to be 
~10 22 g - iHellier et al. IfeOOCh ). For the mass transfer burst idea we 
would expect L acc ^ < L S p !0!i ,fe, as the calculations above confirm 
(if the numbers were very reliable) since the emission at the bright 
spot due to the mass transfer burst should be stronger than that from 
other components in the system. But this is not supported by our 
observations because the bright spot, which is clearly present in 
quiescence and in decline, is not observed in outburst, suggesting 
that it is swamped in outburst. Also, as shown above, L sp out i, < 
L a cc outb- This is not expected in a mass transfer burst situation and 
this is what our observations seem to support. This observation and 
arguments counts against the mass transfer burst model. 

Also, iradiation of the secondary will not be effective enough 
to trigger a greatly increased mass transfer since the height, h^, of 
the outer edge of the ring, 



h d ~0.038r d M(d)l 



10 9 cm, 



(5) 



for a 0.5 Mq white dwarf and for a mas s transfer rate M(d) in 
the disc of 0.8x 10 16 g s" 1 dWarnerf l995) is higher than the scale 
height, 

H n ~ 1.5 x 10 8 cm, (6) 

of a gas column at Lj dMever & Mever-Hofmeisterl 1 19831 : 
Kolb&Ritter 1990). This suggests that the shadow of the disc 
will reduce the irradiation of the surface of the secondary near 
L[. dEisenbart et al. 1 d2002h predicted a disc thickness of 2x10 
cm and a disc radius of 1.6xl0 10 cm. The latter value is less by 
nearly a factor of two when compare d to that of ~3 x 10 cm ob- 
tained by Mhlahlo et al. (2006) and iHellier et al. I dl987l) . When 
lEisenbart et al. I |2002)'s value of disc radius is put in Equation [5] 
then a higher value for h d (~6x 10 8 cm) than they predicted is ob- 
tained, and so our result obtained from Equation [5] above is being 
considered here). 

It is important to point out, though, that the formulae used 
here are for simple steady state truncated discs and may not neces- 
sarily apply properl y to EX Hya. But according to our quiescence 
model of EX Hya jMhlahlo et al. 1120071; iBelle et al~ll2005L 120021 : 



(3) 



(at a distance of 65 pc dBeuermann et al. Il2003l) ) by nearly a factor 



iKing & Wvnrill 19991 : iNorton et al. ll2004T) . the ring of material at 
the outer edge is disrupted by the field. This should result in the 
effective disc height at the rim being higher than the value given 
above since the magnetic field would increase the density of mate- 
rial at the outer disc edge (hj depends on the temperature, density 
and local gravity of material). Observa tional evidence for a bulge 
in EX Hya at the outer edge of the di sc dMauchell 999; Bell e et al. I 
2002. l2005l : lHoogerwerf et alfe oOS ) and corotating raised material 
(Section|7J supports this claim. This bulge is raised by the accretion 
curtain for nearly half the orbital cycle and so will shadow the L] 
point below and above the disc for nearly this period during every 
orbital cycle. It is therefore unlikely that outbursts are due to a mass 
transfer event from the irradiation of the secondary surface. 

Furthermore, the accretion-induced radiation in outburst 
(Equation[4]l, will not reach deep into the secondary's photosphere, 
since it lies in the extreme ultraviolet and soft X-ray regions where 
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opacities are very large. This rad iation will be absorbed by pho- 
toionisation ( Ha meurv et al. 1 1986b and reradiated in high layers of 
the secondary's hemisphere, producing strong chromospheric emis- 
sion. The same emission will irradiate the inner disc and the ac- 
cretion curtains, giving rise to strong Hell X4686 emission and to 
suppression of the Balmer lines which we observe in our data. The 
radiation in quiescence and that resulting from outburst therefore 
will not greatly affect the mass transfer rate, other than increas- 
ing chromospheric emission. The same is true for the hard X-ray 

emisssion in outburst. 

Most of our data fit the mechanism of I Spruit & Taaml J 1993b . 
ISpruit& Taaml dl993h showed that conditions at the inner edge of 
the disc can cause variations of the magnetosphere boundary, and 
this in turn will result in the accretion near the value of the fast- 
ness parameter, co s = 1 (see Section lB.O.ll for a detailed discussion) 
being unstable. They showed that matter accumulates outside the 
magnetosphere and, when the gas density in the disc exceeds a crit- 
ical value, forces the magnetospheric boundary inwards, resulting 
in reduced value of (£> s (co s < 1). The latter results in the density 
at the magnetospheric boundary dropping, and the consequent den- 
sity gradient at the magnetospheric radius causing an increase in the 
mass flow. Matter is then forced to accrete and its depletion leads 
to the surface density of the magnetosphere boundary decreasing. 
The magnetospheric boundary consequently is forced outward to 
radii corresponding to co s > 1 at a reduced accretion rate, sweeping 
up material from the disc and forcing it to corotate with it. When 
sufficient mass has piled up at the inner region of the accretion 
disc it pushes the magnetosphere b ack to (O s < 1, and the cycle re- 
peats nearly on a viscous time scale. lSpruit & Taam l dl993h pointed 
out that their m odel could be applied to IPs. This was taken up by 
Warner 

Mini) 

who suggested that this model can be applied to EX 

Hya. 

Our data fit this mechanism as follows: 

(i) Measurements of peak-to-peak separation of ~ 700 km s 
(estimated from a double-gaussian fit of the H(3 emission line) have 
indicated a rotational velocity of ~ 350 km s , leading to a radial 
distance from the white dwarf to the outer edge of the ring of ~ 
5 x 10 10 cm, which is ~ a, the binary separation (for a white dwarf 
mass of 0.5 M ra ; Keplerian motion about the whi te dwarf at the 
outer e dge of the disc was assumed). As discussed in Mhlahl cTet al. I 
d2007l) . the disc is disrupted by the field near ~ 3 x 10 cm and so 
the ring which extends from this distance to near a has a width of 
~2x 10 10 cm. 

The brightning at the outer edge of this ring is observed in the 
outburst tomograms, except in Hell X4686 (Figures [6] and [7). In 
addition, the Hel 14471 orbital tomograms show an 'arc emission' 
near ~ 350 — 400 km s , covering about half the orbital phase. 
This can be accepted as evidence that some material had accumu- 
lated at the outer edge of the ring and that there was a greatly ex- 
tended ring of material in outburst. 

(ii) The orbital trailed spectra have shown redshifted emission 
which can be associated with the 'arc emission' in the tomograms, 
near the outer ring. This emission is observed throughout the entire 
orbital cycle in outburst, while the blueshifted emission is obscured 
by the accretion curtain, when it is on the side of the observer and 
when it is furthest from the observer. This is evidence for the ring 
material drifting away from the observer (suggesting that the ma- 
terial is drifting towards the field lines of both the lower and the 
upper poles). This is also evidence for the corotation of some of 
this material with the accretion curtains (see (i)-(vi) in Section[7Jl. 

(iii) Our discovery of Hell 14686, H(3 and Hy emission on 
the upper accretion curtain at higher velocities than in quiescence, 



when the primary was between the upper accretion curtain and the 
secondary (Figures [8), provided evidence for disc overflow accre- 
tion. This emission was modulated at ±1500 km s _1 whereas in 
quiescence it was measured at ±1000 km s , suggesting that the 
overflow material hit the magnetosphere much closer to the white 
dwarf. The VHVC was modulated at the orbital period (Figures [4] 
and|9} since the accretion curtains pick up material mostly when 
it is fed favourably from the stream, i.e. on the side facing the 
magnetic pole. The phasing of the VHVC (maximum blueshift at 
<f>98 ~ 0.3 — 0.4) is consistent with the expected phase of impact of 
a stream with the magnetosphere, and the phase lag between the 
Hp, Hy and Hell 14686 NSC and VHVC of ~ 180° is consistent 
with the motion of the region hit by the overflow stream on the 
magnetosphere (i.e. the region behind the white dwarf relative to 
the front face of the secondary) being anti-phased with the motion 
of the secondary. The radial velocities show large negative values 
of y- velocities in the blue for Hell A.4686 (-304 km s when com- 
pared to -67 km s for H(3) wh ich indicates streami ng velocities 
much closer to the white dwarf I Buckley et al. | |2000). In previous 
studies of EX Hya dHellier et al. II 19891 boOoT the observation of 
the overflow stream during outburst was interpreted as evidence for 
enhanced mass transfer. We point out that the fact that the overflow 
stream was modulated at higher velocities in outburst than in quies- 
cence suggests that the radius of the magnetosphere decreased, and 
so the overflow material hits the magnetosphere closer to the white 
dwarf than when the accretion curtain is extended (Figure [T3ll. 

(iv) The VHVC which was prominent in outburst was not 
present in decline, instead, a HVC (near ~ 1000 km s ) was ob- 
served and this, by parity of reasoning (see (iii) above), indicates 
that the overflow stream hit the m agnetosphere far from the white 
dwarf as is the case in quiescence dMhlahlo et al. 2007) due to the 
magnetospheric boundary having been forced outwards. 



S. 0. 1 Revised Outburst Model of EX Hya 

We therefore propose that outbursts in EX Hya are tri ggered by a 
mechanism similar to that suggested bv lSpruit & Taaml dl993l) as 
illustrated in the rough sketches in Figure [T3l 

If so then this would imply that mass was stored in the outer 
ring near CO, > 1 , as suggested by observations, where CO., = . 
is the dimensionless stellar angular velocity or the fastness pa- 
rameter, Q. s is the spin angular velocity of the white dwarf and 
&K{ r in) is me Keplerian angular velocity at the inner radius r,-„ of 
the disc. Where the inner edge of the ring of EX Hya coincides with 
the corotation radius, co s = 0.329^(1)3^ %|^M^ /7 ~ 1, 
assuming a magnetic mo ment of 5 x 10 dNortonetaL~ll2004l). 
andM ~ 0.1 x 10 17 g s" 1 dFuiimoto & Ishida 111 9971 : iHellier et aU 
2000). 

Pl.spin is m units of 10 3 s. At this CO, the material is moving 
with a velocity 



943 



M WD 



-500 kms-\ (7) 

dWarner II 19951) . where here Mwp is in units of M@ (solar masses) , 
in agreement with ou r observation in quiescence ( Bell e et al. 120051 : 
iMhlahlo et al. l2007h . 

The amount of material transfered from the secondary to the 
disc (with a small percentage overflowing the disc) over the recur- 
rence interval (~ 1 .5 yr) can be estimated to be ~ 1 x 10 23 g (assum- 
ing M(2)~ 2 x 10 15 g s _1 dNorton et all 12004)). which suggests 
that over this period of time there will b e enough stored material in 
the ring (> 10 22 g - dHellier et al71l2000h ) to trigger an outburst. 
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Figure 13. A schematic drawing of EX Hya just before outburst (a) showing material accumulating near r,„ and forced to corotate with the magnetosphere 
at the inner edge of the ring. Diagram (b) depicts a situation during outburst, after the magnetosphere has been pushed inwards, and in decline before the 
magnetosphere is forced outwards. The emission region on the magnetosphere due to impact by the overflowing stream of material is depicted. The inner 
regions of the disc emitted relatively less Hp and Hybut relatively more Hell X4686 emission due to irradiation. Most of this emission came from the rear side 
of the disc. The stream emission hit the magnetosphere closer to the white dwarf during outburst (VHVC) than in quiescence (HVC). 



The viscous time scale at r eo predicted by this model is fo = 
1/VoAs ~ 7 h, where v = VQ /(r^ n £l s ) ~ 0.03 is a d imensionless 
viscosity and Vo is a constant dSpruit & Taam|[l993l) . This is low 
by nearly a factor of t wo when compared to the observed rise time 
in EX Hya of < 12 h jHellier et al.1ll989Ll2000h . 

No predict i on fo r the recurrence time is possible using the 
Spruit & Taam ( 1993) model. However, it is worth noting that in 
this model outbursts are due to accumulation of mass, but because 



there is a lot of mass falling onto the white dwarf all the time in EX 
Hya, it takes long to accumulate enough mass to trigger an outburst, 
leading to a long recurrence period. Dwarf novae accumulate mass 
most of the time and so outbursts recur on a time scale of ~ 30 days 
to a few months. 
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8.1 Summary 

From our analysis we have shown that strong irradiation of the sec- 
ondary star and that of the inner regions of the disc took place in 
outburst and that most of the H(3 and Hy inner ring and accretion 
curtain emission was suppressed during outburst. 

Evidence for the stream of material overflowing the initial im- 
pact with the accretion disc and impacting onto the magnetosphere 
of the white dwarf star was observed. In outburst, the overflow 
material was observed to be modulated at even higher velocities 
(~ 1500 km s _1 ) than in quiescence, which are streaming veloci- 
ties close to the white dwarf. This suggests a decrease in the mag- 
netospheric radius. 

We showed that the outburst did not occur via the M instabil- 
ity nor was there any increased mass transfer due to irradiation of 
the front face of the secondary. It is clear that the strong irradia- 
tion of the front face of the secondary resulted in chromospheric 
emission. We suggest that the amount of matter stored in the outer 
ring is enough to trigg er a disc instability of the form suggested by 
ISpruit & Taam I j_1993). We explained the dip during decline as due 
to the extended accretion curtains and the corotating material near 
the Roche lobe radius obscuring the emission from the white dwarf. 

Comparison studies of EX Hya and the EX Hya-like system, 
V1025 Cen, in quiescence and in outburst, will increase our under- 
standing of accretion dynamics and processes in these systems, and 
further confirm the extended accretion curtain theory. 
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